This paper investigates the effect of interior structures on underwater implosions to mitigate the generated pressure waves. For this purpose a simple spherical implosion with a spherical shell placed inside a bubble is considered. The analytical model couples a finite element model (FEM) for the structural subsystem with a finite element approximation of the wave equation for the fluid subsystem. Numerical results demonstrate that effect of implosion can be mitigated by placing a deformable wall structure inside the initial bubble radius or increasing the initial gas pressure.
Introduction
There has been increasing research interest in the collapse of underwater implodable volumes due to hydrostatic pressure, and especially how it affects nearby structures. When an implosion occurs in high pressure environments like deep underwater, the gas inside the bubble rapidly contracts and expands, producing pressure waves propagating in the radial direction. These pressure waves can damage nearby structures and possibly cause other pressure volumes to implode.
The implosion occurs due to a strong pressure differential across the bubble surface, forcing the bubble to collapse and initiating a cyclic motion of expansions and contractions. This dynamic cycle repeats as damping reduces the amplitude of the oscillations. The first pressure wave is strongest and may cause structural damage. The waves also are an acoustic source which is important for the vessel sonar signature.
Understanding this phenomenon is crucial in that the collapse of one small pressure housing could trigger a chain reaction of implosions with increasing destructive capability. The energy from an implosion can be estimated by the work necessary to equate the gas and hydrostatic pressures. This shows that even small volumes can cause extreme energy emissions. It is important to note that the destructive ability is as much dependent on the rate of the energy release as it is on the total energy of the implosion. Knowledge of this process obviously is crucial for operational safety, but also is beneficial for economic and system performance concerns [1] . Attaining a better grasp of the structural requirements of pressure housings will lead to significant savings in material and construction costs.
In terms of past relevant research, the Keller-Kolodner [2] model developed for underwater explosion can be easily adopted for underwater spherical implosion. Keller-Kolodner treats the water to be compressible which leads to damped oscillations of the bubble. Epstein and Keller [3] then developed the analytical formulations to handle planar, cylindrical, and spherical bubbles during implosions and explosions. Cor and Miller [1, 4] investigated the implosions of spherical and cylindrical shapes using the Laplace equation, which leads to undamped oscillations and therefore is only applicable for the first cycle. They also considered the effect of interior structures of brittle, plastic, and elastic shells on the implosion dynamics.
As for experimental studies there has been relatively limited work reported in open literature. Vanzant et al. [5] imploded aluminum spheres filled with either a vacuum, air at one atm, or Styrofoam inside. They found that pressures recorded were lower than theoretical results, oscillation periods were longer than theory predicted, while inertia results matched well with theory. Orr and Schoenberg [6] used glass spheres of varying radii and depths. They examined implosion depth and pressure field versus glass thickness, as well as the acoustic signature of the spheres.
In the present paper, we use computer simulations to investigate the mitigating effect of structural deformation on the process of underwater implosion dynamics. For this purpose we consider a simple spherical implosion and the effect of a spherical shell placed inside the bubble. The focus is to examine the sensitivity of the implosion process to the variation of such parameters as inner shell locations relative to the bubble radius, depth and initial pressure inside the bubble. The benchmark for comparison is the peak acoustic pressure in the water at a specified distance from the initial bubble radius.
Formulation
Underwater implosions involving deformable structures are an example of fluidstructure interaction (FSI) problems. For computational modeling of FSI problems, the finite element formulation is used for structural modeling while the finite volume method or the finite element method is used for modeling the fluid. For FSI problems there are multiple interfaces which must be handled carefully in the formulation. For these interfaces, one may use the Ghost Fluid Method with a level set function to define real fluid elements and ghost fluid elements on either side of the interface. Alternatively, one may adopt the Arbitrary Lagrangian-Eulerian formulation, which alternates between a moving frame and fixed frame approach. For the underwater implosion problem, the convection term in the equation for the momentum conservation is negligible. This assumption simplifies the Euler conservation equations to the wave equation.
Following Cor and Miller [1] , we consider a simple problem of spherical implosion with an inner wall of elastic spherical shell. As shown in Figure 1 there is an interior concentric shell structure separating the inner and outer gas. The bubble surface separates the outer gas from the water. The implosion is assumed to begin at the moment the outer shell wall, which is aligned with the initial bubble radius, is shattered perhaps due to hydrostatic pressure. It is also assumed that the water is initially at rest, the bubble remains spherical for all time, the pressure in the gas is uniform throughout the bubble at any particular instant in time and the speed of sound in the water is constant. Also, the particle velocities are assumed small compared with the speed of sound. In contrast to Cor and Miller [1] the water is assumed to be compressible allowing for damping of the bubble oscillations over time. The computational scheme developed for the present study couples a finite element approximation of the wave equation with a finite element approximation of the equations of elasticity.
Neglecting the convection term, the Euler equation for momentum conservation simplifies to 0.
The variables , , correspond to the density, velocity vector, and pressure of the fluid. For a spherical implosion, all velocities and derivatives in any direction except the radial directions are zero. So the velocity vector is simply the velocity in the radial direction, defined as v . Substituting / into Equation (1) leads to 0
In equation (2) is the radial displacement. The pressure of the water is expressed in terms of the bulk modulus of water defined as
In equation (3) κ is the bulk modulus, dp is the differential pressure, V is the volume, and dV is the differential volume. This leads to the acoustic Hooke's Law as follows:
where ∆p is the pressure change · u is the nondimensional volume change. Introducing the finite element approximation to the wave equation leads to the following equation.
In the above equation , , are the global mass matrix, stiffness matrix, and load vector, while q, q are the nodal displacement and acceleration vector. Equation (5) is transformed to a first order equation which can be solved using the fourth order Runge-Kutta (RK4) time marching method.
A pressure boundary condition is applied at the bubble surface and a zero displacement boundary condition is applied at the far end of the fluid domain. The matrices are updated at each time step to correspond to the new configuration of the fluid node points.
The domain is assumed to be large enough that the displacement is set to be zero at the very last node point in the fluid domain. Therefore the pressure remains constant at the hydrostatic pressure at this point. Numerical studies show that this assumption is acceptable, as long as the domain outer radius is at least an order of magnitude greater than the initial bubble radius.
The finite element formulation of the equations of elasticity is used to model the inner wall of elastic spherical shell. For a spherical shell undergoing only radial displacement, the equilibrium equation for the radial stress in spherical coordinates is expressed as
The variables , , are the stresses in each spherical coordinate direction and is the body force term. The strain-displacement relationship is as follows:
The variables ε , ε , ε are the strains in each spherical coordinate direction and u is the radial displacement of the shell. The finite element approximation leads to the following equation:
The variables , , , , are the structural mass matrix, stiffness matrix, load vector, nodal acceleration, and nodal displacement.
The fluid and the inner wall structure is coupled via the gas in the bubble. The pressure in the outer and inner gas is found using the adiabatic constants k in ,, k out The following equation shows how the gas pressures are updated at each time step. 
In equation (9) the variables r , r are the inner and outer edge of the structural domain which remains aligned with the shell as it deforms in time, the variables p , p are the inner and outer gas pressures and γ is the specific heat ratio. The adiabatic constants are found using the initial pressures and volumes of the inner and outer gas regions.
Results
Studies were conducted to investigate the effect of placing a deformable structure inside a spherical shell which is assumed completely shattered to initiate the implosion. The acoustic pressure at a specified distance from the bubble is used as the benchmark for assessing mitigative effectiveness of each configuration.
Unless stated otherwise, the following default parameters were used: an initial bubble radius of 0.5 m, a depth of 200 m, an initial gas pressure of 1.0 atm and a specific heat ratio of 1.25.
Spherical implosion with no interior structure
For this case, there are no interior structures and therefore only air is present inside the bubble. This case serves as the reference for all other cases to determine implosion mitigation effectiveness. The default values listed above are used for calculation.
For the finite element modeling, there are many parameters which have a large impact on the accuracy of the model. These parameters include the outer edge of the domain, the time step, and the size of each finite element. For the results shown in Figures 2 and 3 below, the domain is extended to an outer radius of 30.0 m, the time step is 5 μs, and the element size is 0.01 m (2950 elements). One observes that without any inner wall structure present the bubble collapses to a minimum radius of about 0.07 m, achieving a maximum pressure peak of 150 atm. From these results, one notes there is excellent matching for the bubble radius and maximum pressure between the finite element model and the Keller model. The second pressure peak is where discrepancies start to appear between the two models. Of primary importance is the first pressure peak at which the structural damage may occur, so discrepancies in the later peaks are less important. The magnitude of the first pressure peak is almost identical for the two models but the timing is slightly different. This may be because the initial bubble velocity is prescribed in the KellerKolodner formulation while the pressure differential is given to start the implosion in the present calculation.
Figure 4: Pressure vs. time for various measuring locations
The finite element model exhibits some fluctuation initially which quickly dampens out within a few microseconds. To further examine the propagation of the pressure wave the pressure is plotted below in Figure 4 vs. time for a number of different measuring locations. As expected, the time of peak pressure changes with the measuring location.
Effect of a deformable interior spherical shell structure
This case represents an underwater implodable object which is comprised of an airfilled double wall structure. The outer wall is assumed to be shattered and completely destroyed. This creates an air gap, called the outer gas (see Figure 1) , between the bubble and the inner wall. This configuration is used to investigate the effect of placing an inner wall of a quasi-isotropic graphite composite spherical shell structure [0, 90, +45, -45, -45, +45, 90, 0], close to the shattered outer wall.
The inner edge of the structure is assumed to be 0.40 m before implosion with a thickness of 0.0025 m. The initial bubble radius is 0.5 m, the depth is 200 m, the gas pressure is initially 1 atm, and the pressure is measured at one meter from the bubble center. Time history plots of the bubble, outer structural radius, and pressure are shown in Figures 5, 6 , and 7. From Figure 7 one notes that the maximum pressure for this case is 86.5 atm, 42.3% lower than the case with no interior wall structure. The inner wall structure undergoes 7.25 mm of deformation. The bubble collapses past the initial location of the structure, achieving a minimum radius of 0.397 m.
To examine the effect of the location of the shell, the initial radius is varied from 0.05 m to 0.48 m. The shell thickness is kept constant at 2.5 mm. Again the acoustic pressure at a location outside the initial bubble is the benchmark for assessing the implosion mitigation ability of each configuration. The plot shows that as the both structures are placed closer to the initial bubble location (r = 0.5 m), the maximum acoustic pressure decreases for both the rigid wall and the elastic wall. This demonstrates that preventing the bubble from collapsing as much as possible is an effective means of implosion mitigation. As the inner wall is placed further away from the initial bubble surface, the kinetic energy which must be absorbed increases rapidly. This causes a large change in acoustic pressure. The plot also illustrates the effectiveness of energy absorption through structural deformation assuming structural integrity is maintained. At a radius of 0.4 m the composite shell achieves a 36% lower pressure than the rigid wall at the same location. Figure 8 also shows that, in comparison with the rigid wall, the elastic inner wall exhibits higher energy absorption capability. One also notes that, between radii of 0.15 and 0.45, the relationship between the maximum pressure and the inner wall location is very close to being linear for the composite shell. As the initial radius approaches zero, the difference between the composite wall and the rigid wall diminishes.
Effect of initial gas pressure
This case examines the effect of varying the initial pressure in the gas inside the bubble. Again the acoustic pressure at 1.0 m from the center of the bubble is used as a benchmark for assessing the mitigation effect. Initial pressures of 1.0, 1.1, 1.5, and 2.0 atm are considered for comparison. Initially, the outer wall structure is assumed to be completely shattered at t = 0 and there is no inner wall. The initial bubble radius of 0. By increasing the gas pressure inside the structure the acoustic pressure decreases rapidly. The pressure peaks for 1 and 2 atm are about 150 and 80 atm respectively, a 47% decrease. Even increasing the gas pressure to 1.1 atm has a significant effect of reducing the maximum pressure by about nine percent. Increasing the pressure has the effect of smoothing out the peaks, making them occur later in time, and shortening the bubble collapse range. The 2.0 atm gas pressure achieves a 22% pressure peak reduction compared to the 1.0 atm case. The higher pressure case also allows the shell to deform 2 mm less than the lower pressure case and forces the bubble to achieve its minimum value later in time. In addition, one notices smoother curves and a greater equilibrium radius for the higher pressure system.
Conclusions
The results of numerical analyses detailed in this paper demonstrate potential methods for tailoring structures to mitigate the pressure exerted on nearby objects during an implosion event. To reduce the peak acoustic pressure in the water one may try to minimize the collapse range of the bubble by placing interior wall structures as close as possible to the initial bubble radius, as long as the structural integrity of the inner wall can be maintained. This could be accomplished by using double wall structures with an air gap in between the two walls, or sandwich structures with porous core materials. Increasing the gas pressure inside the bubble also has the effect of decreasing the bubble collapse range, and thus decreasing the acoustic pressure peaks. Another tailoring method could be to use highly deformable interior structures, which are effective energy absorbers.
